Abstract-A hexagonal mesoporous silica (HMS) and its postfunctionalized counterparts with propyl (P-HMS) and aminopropyl (AMP-HMS) were prepared and characterized by elemental analysis, N 2 adsorption, powder x-ray diffraction, Fourier-transform infrared, and surface charge measurements. Batch experiments were further performed to systematically investigate adsorption properties of these materials toward two nonpolar aromatic compounds (pyrene and pentachlorobenzene) and three phenolic compounds (2,4-dichlorophenol, pentachlorophenol, and 4-methyl-2,6-dinitrophenol) in aqueous solutions. The adsorption isotherms were well described by the Freundlich model and varied in adsorption linearity. For HMS and P-HMS, the adsorption of pyrene and pentachlorobenzene was much stronger than that of pentachlorophenol at pH slightly greater than 6. Alternatively, for AMP-HMS, pentachlorophenol and 4-methyl-2,6-dinitrophenol showed comparable or stronger adsorption affinity than the other target compounds did, suggesting that a major role is played by electrostatic interactions of the two phenols. Furthermore, adsorption decreased with increasing pH for all adsorbate-adsorbent combinations except that of pentachlorophenol and 4-methyl-2,6-dinitrophenol on AMP-HMS, which showed bell-shaped curves with the maximum adsorption at pH close to the pK a . The advantages of reversible adsorption and fast adsorption/desorption kinetics (Ͻ15 min), as compared to commercial microporous activated carbons, make AMP-HMS a promising candidate to remove selected phenolic compounds in water treatment.
INTRODUCTION
Since they were first synthesized in 1992 [1, 2] , ordered mesoporous silica materials have attracted great attention because of the unique characteristics of stable architecture, high surface area, and narrow pore-size distribution. Thus far, research concerning these materials has focused mainly on synthesis, structural characterization, and catalytic application (see [3] [4] [5] [6] and references therein).
Limited studies have been performed to examine the retention properties of mesoporous silicas toward organic contaminants in water treatment and environmental remediation [7] [8] [9] [10] [11] [12] . Advantages of using these materials over traditional adsorbents, such as granular activated carbons (GACs), include ease of synthesis and regeneration and environmental stability. Some of these studies focused on impacts of solution chemistry (pH and ionic strength) and pore structures on adsorption of organic contaminants, mainly polar/ionic compounds, onto the surface of inorganic silicas [8, 10, 12] . Qin et al. [12] found that the equilibrium adsorption amount of nitrobenzene on mesoporous silica molecular sieves decreased with increase of pH and ionic strength, which is attributed to perturbations on the surface hydrophobicity of silica. Moreover, Goyne et al. [8] showed that the maximum adsorption of an ionizable compound, ofloxacin (an antibiotic), on silica surfaces occurred at pH slightly less than the pK a2 (8.28) , and those authors concluded that the zwitterionic compound was adsorbed mainly via the protonated N-4 in the piperazinyl group based on the analysis with attenuated total reflection Fourier-transform infrared (FTIR) spectroscopy.
Several other studies were conducted primarily to investigate the adsorptive interactions of organic contaminants on organic-modified mesoporous silicas prepared by physical and/ or chemical treatments [7, 9, 11, 13] . A common finding from these studies is that surface modification with hydrophobic organic moieties greatly enhances the surface hydrophobicity and, therefore, facilitates hydrophobic partition of organic solutes. Zhao et al. [7] observed that hexadecyltrimethyl ammonium-templated mesoporous silica efficiently removed trichlorethylene and tetrachloroethylene from the water, which is similar to the behavior of organic cation-exchanged smectites. A recent study also showed that a mesoporous organicsilica hybrid prepared by chemical reactions with tetraethoxysilane and bis(trimethoxysilyl)hexane as precursors demonstrated good adsorption affinity for bromophenol blue [11] . Yamaguchi et al. [9] compared the adsorption behavior of bisphenol A (an endocrine disrupter) between two mesoporous silicas modified with postsynthesis chemical reactions and physical co-condensation, respectively, and found that the two adsorbents had similar adsorption capacities but that the latter had fast adsorption kinetics. The functionalized mesoporous silicas also have been used as special adsorbents in separation of anions from aqueous solution through electrostatic interactions with surface functional groups [14] [15] [16] . For example, mesoporous anion-exchange resins based on silica support materials were prepared and tested for the adsorption of perrhenate ( ) [15] . In a recent study, Kim et al. [16] reported Ϫ ReO 4 that perchlorate ( ) could be effectively removed by am-Ϫ ClO 4 monium functionalized mesoporous silica [16] .
In the present study, we synthesized a mesoporous silica and the corresponding propyl and aminopropyl functionalized counterparts by postsynthesis chemical treatments, and we ). These compounds represent several common types of organic pollutants and are of great concern in wastewater treatment and remediation of contaminated sites. The adsorption/desorption reversibility and kinetics of selected solutes with hexagonal mesoporous silica (HMS), aminopropyl HMS (AMP-HMS), and propyl HMS (P-HMS) also were monitored for comparison with a commercial microporous GAC.
MATERIALS AND METHODS

Materials
Adsorbents of mesoporous silicas. The HMS was prepared via an electrically neutral assembly pathway (SЊIЊ) using n-dodecylamine as the structure-directing agent and tetraethoxysilane as silica source [17] . Briefly, 4.0 g of n-dodecylamine (Sigma) were dissolved in a mixture of 42.7 ml of distilled water and 42.5 ml of ethanol at 40ЊC, and 16.7 g of tetraethoxysilane (purity, 98%; Shanghai Chemical) were then added under vigorous stirring. The mixture was further stirred at room temperature for 24 h. The resulting material was recovered by filtration and repeated washing with distilled water, followed by drying at 50ЊC and calcination at 550ЊC in air for 4 h to remove the organic amine template.
Surface functionalized HMS were prepared by the postgrafting method. The benefits of functionalizing surface groups through covalent bonding include environmental stability (no leaching of template molecules from adsorbents synthesized by condensation and intercalation) and the same pore structure as the parent material. Typically, 2 g of calcined HMS sample were suspended in 100 ml of dry toluene containing 1 ml of n-propyltrimethoxysilane or 3-aminopropyltrimethoxysilane, which was refluxed at 110ЊC for 24 h. The sample was recovered by filtration, washed repeatedly with isopropanol and distilled water, and dried at 50ЊC in air. The silica materials modified by n-propyltrimethoxysilane and 3-aminopropyltrimethoxysilane are referred to as P-HMS and AMP-HMS, respectively.
Adsorbates. Adsorbates include two nonpolar compounds, PYR (Fluka, Riedel-de Haën) and PtCB (Aldrich), and three phenolic compounds, DCP (Aldrich), PCP (Aldrich), and MDNP (Fluka). The selected physicochemical properties of the adsorbates are listed in Table 1 .
Characterization of adsorbents
Elemental analyses on the three adsorbent materials were performed using an elemental analyzer (CHN-O-Rapid; Heraeus) to determine the carbon and nitrogen contents. The XRD patterns were collected in a range of 0.5-5Њ from a Rigaku D/max-RA powder diffraction-meter (Rigaku) using Cu K␣ radiation. The FTIR spectra of the adsorbent materials were recorded with a Nicolet Nexus 870 Spectrometer. The N 2 adsorption isotherms of the adsorbent materials were obtained on a Micrometrics ASAP 2020 (Micromeritics Instrument) apparatus at 96ЊC (77 K). Zeta potential () of the samples suspended in deionized water (100 mg silicas/L water) versus pH was measured from five replicate measures using a Zeta Potential Analyzer (Brookhaven Instruments).
Batch adsorption/desorption experiments
Adsorption isotherms. Adsorption was carried out in polytetrafluoroethylene-lined, screw-cap glass vials (capacity, 22 ml) receiving 50 mg of HMS, P-HMS, or AMP-HMS and full volume of background solution (0.02 M NaCl) to minimize headspace. The initial pH of background solution was selected in consideration of the acid/base-buffering ability of the adsorbent to assure that the final pH at adsorption equilibrium was close to the desired pH. The test organic solute was added in methanol carrier but kept at less than 0.1% (v/v) to minimize cosolvent effects. Adsorption isotherms were collected for combinations of PYR, PtCB, and PCP with HMS, P-HMS, and AMP-HMS, respectively, and for DCP and MDNP with AMP-HMS. The initial concentration ranges were 1.7 ϫ 10 Ϫ4 to 7.0 ϫ 10 Ϫ4 mmol/L for PYR, 2.9 ϫ 10 Ϫ4 to 1.2 ϫ 10
Ϫ3
mmol/L for PtCB, 2.7 ϫ 10 Ϫ3 to 3.0 ϫ 10 Ϫ2 mmol/L for PCP, 3.5 ϫ 10 Ϫ3 to 1.4 ϫ 10 Ϫ2 mmol/L for DCP, and 2.2 ϫ 10 Ϫ3 to 8.6 ϫ 10 Ϫ3 mmol/L for MDNP. The suspensions were mixed end-over-end at room temperature for more than 8 h. Elemental analyses (carbon and nitrogen) of AMP-HMS after mixing with a background solution showed no detectable variances from the original sample, indicating stability of the silica adsorbent during the course of batch adsorption.
After centrifugation, the solute PtCB was extracted from an aliquot of the aqueous phase with hexanes and analyzed by gas chromatography with electron-capture detection using a DB-1 capillary column (film thickness, 0.25 m; length, 60 m; inner diameter, 0.25 mm; J&W Scientific). The phenolics were analyzed directly by high-performance liquid chromatography with an ultraviolet detector using a HC-C18 column (film thickness, 5 m; length, 150 mm; inner diameter, 4.6 mm; Agilent). Isocratic elution was performed under the following conditions: 75% methanol:25% water (v/v; buffered with CH 3 COOH, pH 5) with a wavelength of 230 nm for DCP, 88% methanol:12% water (v/v; buffered with CH 3 COOH, pH a AMP-HMS ϭ aminopropyl hexagonal mesoporous silica; HMS ϭ hexagonal mesoporous silica; P-HMS ϭ propyl hexagonal mesoporous silica. b d 100 is (100) the interplanar spacing calculated from x-ray diffraction data. c a 0 is the hexagonal lattice parameter, calculated as a 0 ϭ 2d 100 /͙3. d Determined by the Barrett-Joyner-Halenda method using N 2 adsorption isotherm. e Determined at P/P 0 ϭ 0.98. f ND ϭ not determined.
3) with a wavelength of 220 nm for PCP, and 50% acetonitrile: 50% water (v/v; buffered with CH 3 COOH, pH 3) with a wavelength of 266 nm for MDNP. Isocratic elution was performed with a fluorescence detector under the following conditions: 90% methanol:10% water with excitations/emission wavelengths of 334/391 nm for PYR. To take into account solute loss from processes other than sorbent sorption (i.e., sorption to glassware and septum and volatilization), calibration curves were obtained separately from controls receiving the same treatment as the sorption samples but no adsorbent. Calibration curves included at least seven concentration levels over the test concentration range. When electron-capture detection was used in analysis, calibration curves were fit to a power law expression to take account of the detector response nonlinearity. Based on the obtained calibration curves, the adsorbed mass of organic solute was calculated by subtracting the mass in the aqueous phase from the spiked mass.
Effect of pH on adsorption. A separate set of experiments was conducted for testing the pH effect on single-point adsorption to silicas over a pH range from approximately 3 to 9 following the same adsorbate-adsorbent combinations as the adsorption isotherms. The single-point concentration was 2.
Ϫ3 mmol/L for PCP, 5.4 ϫ 10 Ϫ3 mmol/L for DCP, and 3.3 ϫ 10 Ϫ3 mmol/L for MDNP. Adsorption/desorption kinetics. Single-batch experiments were conducted to monitor the adsorption/desorption kinetics, with repeated sampling using 50-ml vials for PtCB (spiked at 1.2 ϫ 10 Ϫ3 mmol/L) and PCP (spiked at 1.3 ϫ 10 Ϫ2 mmol/L) to AMP-HMS and the adsorption kinetics to a coconut shellbased GAC (Huajing) and its pulverized counterpart (PAC). Desorption kinetics experiments with the two activated carbons were not performed because of the very high adsorption ratios (Ͼ96% of the total solute was adsorbed).
Adsorption reversibility. For testing adsorption reversibility, desorption experiments of PCP with AMP-HMS were performed using a single-step, centrifuge-withdraw-refill method [18] . The initial concentration range was 2.0 ϫ 10 Ϫ3 to 1.4 ϫ 10 Ϫ2 mmol/L. Approximately 90% supernatant was replaced with fresh background solution at equal pH. The samples for testing the pH effect were prepared in triplicates, and the others were prepared in duplicates. The pH of all samples was measured at the end of batch sorption experiments.
RESULTS AND DISCUSSION
Characterization of adsorbents
Elemental analysis. The elemental analyses gave 2.57% carbon for P-HMS and 4.69% carbon and 1.1% nitrogen for AMP-HMS, indicating successful grafting of the organic moieties on the silica surface. The carbon and nitrogen contents of HMS and the nitrogen content of P-HMS were below the detection limits (0.03% by wt).
XRD analysis. The small-angle XRD patterns of HMS, P-HMS, and AMP-HMS are presented in Figure 1 and Table  2 . For HMS, a distinct peak with 2 at 2.36Њ, indexed as (100) diffraction, was observed, indicating the presence of typical wormhole motif mesostructured HMS phase [17, 19, 20] . The grafting of organic moieties on the silica surface leads to the decreased peak intensity because of the contrast matching between the SiO 2 framework and the organic moieties in the pore channels [21] .
FITR analysis. The FTIR spectra of HMS, P-HMS, and AMP-HMS are compared in Figure 2 . For HMS, the broad peaks around 3,400 cm Ϫ1 are characteristic of hydrated silanol groups. The band at 1,654 cm Ϫ1 characteristic of the bending vibration of surface hydroxide also is visible. The bands at 1,080, 823, and 456 cm Ϫ1 can be assigned to stretching and deformation vibrations of SiO 2 . For P-HMS, the grafting of propyl groups on the silica surface is confirmed by the presence of the stretching vibration of methylene groups at 2,944, 2,945, and 2,885 cm Ϫ1 and the deformation vibration of methylene groups at 1,471 cm Ϫ1 . The presence of aminopropyl groups on the silica surface also is identified in AMP-HMS. Methylene stretching vibration is observed in the region from 2,850 to 2,958 cm Ϫ1 . The bands in the region from 1,460 to 1,600 cm Ϫ1 are assigned to the bending vibration of amino groups. Gas adsorption analysis. The N 2 adsorption/desorption isotherms of HMS and AMP-HMS are compared in Figure 3 . For HMS and AMP-HMS, typical capillary condensation is observed at a relative pressure range of 0.3 to 0.6, reflecting the presence of mesopores in these samples. The pore-size distributions of HMS and AMP-HMS were determined using the Fig. 2 . Fourier-transform infrared spectra of different mesoporous silicas at arbitrary unit (a.u.) intensity. AMP-HMS ϭ aminopropyl hexagonal mesoporous silica; HMS ϭ hexagonal mesoporous silica; P-HMS ϭ propyl hexagonal mesoporous silica. desorption branch of N 2 adsorption isotherms according to the Barrett-Joyner-Halenda method, and the resulting structural parameters are summarized in Table 2 .
The measurement. Figure 4 displays the results of versus pH for HMS, P-HMS, and AMP-HMS. Both HMS and P-HMS show similar -pH relationships, where decreases prominently over a narrow pH range from approximately 2.2 to 4.4 but does not change much when pH further increases. Because of speciation reactions of the surface aminopropyl groups, AMP-HMS shows a -pH relationship very different from those of HMS and P-HMS. The surface charge density of AMP-HMS keeps nearly constant within the pH range of 2.2 to 4, but it decreases continuously as pH increases over the rest range. The point of zero charge (PZC) is slightly below three for HMS and P-HMS but is approximately seven for AMP-HMS.
Adsorption isotherms
Adsorption data regarding the different silicas at pH slightly greater than 6 are shown in Figure 5 . The sample pH was reported in Table 3 . All the collected adsorption isotherms were fitted to the Freundlich model ( ) by nonlinear re-
gression weighed by 1/q, where q (mmol/kg) and C W (mmol/L) are the adsorbed concentration and aqueous concentration, respectively, at sorption equilibrium; K F (mmol 1Ϫn / L n /kg) is the Freundlich affinity coefficient; and n (unitless) is the Freundlich linearity index. The fitting parameters are shown in Table 3 . In general, the Freundlich model provides reasonable fits to the adsorption data except for those with very low adsorption affinities. The different adsorbate-adsorbent combinations display varied degrees of linearity, with n values from 0.63 (PYR/AMP-HMS) to 1.09 (MDNP/AMP-HMS). No apparent trends for the linearity index, however, can be summarized based on either the adsorbate properties (hydrophobicity and polarity) or the adsorbent properties (surface functional group) within the studied range of concentrations. The solid-water distribution coefficients (K d ; L/kg) at C W ϭ 0.1S W also are calculated and shown in Table 3 .
The adsorbents HMS and P-HMS show similar adsorption patterns for PYR, PtCB, and PCP ( Fig. 5a and b) . The negligible adsorption affinity of PCP on these two adsorbents can be explained by a combination of predominant hydrophobic effects in adsorption and lower hydrophobicity of the ionic PCP. Pentachlorophenol has a pK a of 4.83 (Table 1) , and the deprotonated form thus dominates at the tested pH conditions (6.4-6.6). It also is seen that all three synthesized silicas show comparable adsorption affinities for PYR and PtCB. This is understandable considering that PYR and PtCB have similar hydrophobicities, as reflected by their octanol-water partition coefficients (Table 1) . However, it is surprising to find that P-HMS and AMP-HMS do not show prominently higher ad- sorption for these two nonpolar compounds compared with that of HMS (see the calculated K d values in Table 3 ). In fact, the adsorption of PYR and PtCB on AMP-HMS is even slightly lower than that on HMS. These results seem contradictory to the fact that HMS contains no organic content whereas P-HMS and AMP-HMS are modified with organic moieties and contain fairly high organic contents (2.57% carbon for P-HMS and 4.69% carbon for AMP-HMS). Sorption of nonpolar hydrophobic organic compounds to natural soils and sediments often correlates well with the organic carbon content of the sorbent because of the mechanism of hydrophobic partition [22] [23] [24] .
The unexpected low adsorption of PYR and PtCB on P-HMS and AMP-HMS probably relates to the grafted organic moieties that are sparsely distributed on the silica surface and cannot form sizable hydrophobic domains for partition of the organic solute. For example, assuming an even distribution on the silica surface, the surface density of aminopropyl groups of AMP-HMS is calculated to be only 0.67 per square-nanometer. Another possible reason for the low adsorption affinity to P-HMS and AMP-HMS is that the grafted organic moieties might partially block the mesopores and, hence, lower the accessibility of pores to organic solutes in adsorption. However, the hypothesized mechanism can be ruled out by similar pore sizes between HMS and AMP-HMS (Table 2) . Additionally, the fast adsorption/desorption kinetics observed on AMP-HMS (see discussions below) also does not support the hypothesis of pore blockage.
It is obvious that AMP-HMS shows very different adsorption patterns from HMS and P-HMS. Despite much lower hydrophobicity of the deprotonated PCP, the adsorption affinity of PCP to AMP-HMS is comparable to that of PYR and PtCB at the examined pH conditions (Fig. 5c) , suggesting that nonhydrophobic interactions play a key role in the adsorption. Moreover, the other two tested phenolics, MDNP and DCP, display a large difference in the adsorption on AMP-HMS, where MDNP adsorbs even more strongly than PCP does but DCP adsorbs negligibly. It thus seems that the strong adsorption of PCP and MDNP on AMP-HMS results from a combined effect of special electronic properties of adsorbate and adsorbent. We propose here that electrostatic interactions between deprotonated phenolic compounds and protonated aminopropyl groups on the silica surface are responsible for the enhanced adsorption of PCP and MDNP on AMP-HMS. A mechanism of electrostatic interactions, in combination with hydrophobic effects, has been proposed previously to account for the effective adsorption of bromophenol blue (an anionic dye) on a mesoporous organic-silica hybrid [11] . Electrostatic interactions also have been explored for removal of perchlorate ( ) by amino-modified mesoporous silica [16] . In the pre-Ϫ ClO 4 sent study, the stronger adsorption of MDNP than of PCP can be attributed to the more pronounced deprotonation of MDNP at the tested pH conditions (6.2-6.4) because of its lower pK a (see Table 1 ). Alternatively, DCP is predominated by the neutral form at the tested pH (6.3) because of its large pK a (7.89) and, therefore, cannot interact with the protonated aminopropyl groups via electrostatic forces.
Effect of pH on adsorption
The pH effect on the adsorption on the three silicas is presented in Figure 6 . For HMS and P-HMS, the adsorption of PYR, PtCB, and PCP decreases consistently with pH. The adsorption ratios (adsorbed amount/total amount) decrease from 50 to 84% and from 8 to 19% for PYR and PtCB, respectively, when pH increases from approximately 3 to 9; the adsorption ratios are reduced from 20% to below the detectable level for PCP when pH increases from approximately 3 to 6.4 or higher (Fig. 6a and b) . The pH-dependent protonation/deprotonation transition of the surface silanol groups results in corresponding changes in surface charge and surface hydrophobicity. When the pH increases within the tested range, deprotonation of the surface silanol groups is facilitated, making the surface more negatively charged and, hence, less hydrophobic. This is supported by the observed -pH relationships for HMS and P-HMS (Fig. 4) . The PZCs of HMS and P-HMS are slightly below three; thus, the surfaces of the two adsorbents are always negatively charged within the pH range examined. Because of the close hydrophobicity, PYR and PtCB demonstrate similar trends of pH-dependent adsorption on HMS and P-HMS. Additionally, when the pH increases continuously, the surface silanol groups and the phenol compound could both become deprotonated and negatively charged, lead- ing to a mutual electrostatic repulsion. This explains why the adsorption of PCP on HMS and P-HMS is nearly completely suppressed at pH 6.4 and higher.
Clearly, AMP-HMS shows very different trends of pHdependent adsorption from HMS and P-HMS. Unlike the other two silicas, the adsorption of PYR and PtCB on AMP-HMS is only slightly reduced (Fig. 6c) over the same pH range studied. The lower pH-sensitivity can be explained by the different -pH relationship of AMP-HMS from HMS and P-HMS (Fig. 4) . For AMP-HMS, in addition to the silanol groups, the grafted aminopropyl groups also are involved in the protonation/deprotonation speciation, resulting in a zwitterionic-like response to the pH variation. It should be noted that the negatively charged species and the positively charged species both make the surface less hydrophobic and reduce hydrophobic partition. It also is seen that the adsorption of PCP and MDNP on AMP-HMS shows unique, bell-shaped curves in response to pH, with the maximum adsorption observed at pH 4.2 for MDNP (61% adsorbed, K d ϭ 790 L/kg) and pH 4.9 for PCP (33% adsorbed, K d ϭ 360 L/kg) (Fig. 6c) . At such pH conditions, significant fractions of PCP (62%) and MDNP (54%) are deprotonated, whereas significant fractions of the surface amino groups are protonated (as seen from the -pH relationship in Fig. 4) , which interact strongly with each other via electrostatic forces. On the other hand, changing pH from the most suitable value would reduce either the deprotonation of solutes or the protonation of aminopropyl groups, resulting in lowered electrostatic interactions.
Previous studies [25, 26] have shown that cation exchange with the negatively charged species (deprotonated components of humic substance) of the soil is a dominant mechanism in the sorption of protonated N-heterocyclic compounds such as pyridine. The sorption is maximized at weak acidic pH conditions by optimizing the ratio of protonated solutes to deprotonated humic components. It also has been reported that the maximum adsorption of a zwitterionic compound, ofloxacin, on silica materials occurs at pH close to the pK a2 (8.28) . At such pH conditions, the compound is protonated on the N-4 atom in the piperazinyl group and reacts with the surface silanol groups [8] . In contrast to MDNP and PCP, however, DCP shows negligible adsorption on AMP-HMS within the whole pH range tested (Fig. 6 ). In addition, DCP has a high pK a of 7.89 (Table 1) , and AMP-HMS has a PZC of approximately seven. Thus, deprotonated DCP molecules and protonated aminopropyl groups cannot be present at large concentrations simultaneously for effective electrostatic attraction.
Adsorption/desorption kinetics and reversibility
Adsorption/desorption kinetics. Figure 7 compares the adsorption/desorption kinetics of PCP and PtCB to AMP-HMS and to GAC and PAC. For the two tested solutes, adsorption and desorption reach equilibrium at a time of less than 15 min for AMP-HMS; adsorption reaches equilibrium at a time of more than 200 min for PAC and a time of less than 6 d for GAC. The much faster adsorption kinetics of PAC compared with GAC is caused primarily by the enhanced surface diffusion and interparticle diffusion because of the finer particle sizes of PAC. A detailed comparison of adsorption kinetics between the PAC and GAC, however, requires further studies, such as column experiments, and is beyond the scope of the present work. Nevertheless, it can be concluded that the adsorption kinetics is faster on AMP-HMS than on PAC by at least one order of magnitude. The synthesized silica has regular-shaped mesopores with a narrow pore-size distribution of approximately 32 Å and, hence, favors fast diffusion of solutes within the pores in the adsorption/desorption process. On the contrary, PAC is composed primarily of short stacks of polycyclic aromatic sheets connected with O-containing groups to form irregular-shaped micropores with a much wider pore-size distribution. Accordingly, solute diffusion within the pores of PAC is much slower compared to AMP-HMS.
Adsorption reversibility. The adsorption and desorption data of PCP on AMP-HMS at fixed pH (4.9 Ϯ 0.1), along with the fitted Freundlich adsorption isotherm, are presented in Figure  8 . The adsorption appears to be fully reversible, because nearly all desorption points fall on the line of the adsorption isotherm.
CONCLUSION
Analyses of elemental composition, FTIR, gas-phase N 2 adsorption, and XRD verify that P-HMS and AMP-HMS have a structural framework similar to HMS but are grafted with respective surface functional groups. The adsorption of the two nonpolar solutes, PYR and PtCB, on the three synthesized silicas is governed by hydrophobic effect. Changes in pH affect the adsorption of PYR and PtCB on the three silicas by modifying surface charge density and hydrophobicity. The maximum adsorption of PCP and DNP on AMP-HMS occurs at pH close to the pK a via optimization of the electrostatic attraction between the deprotonated solute and the protonated surface amine group. In contrast, HMS and P-HMS show negligible adsorption for PCP, because the electrostatic adsorption mechanism is not in effect.
The observed pH effect also implies that effective removal of phenolic compounds can be achieved by functionalizing specific amine groups with desired pK a values on the silica surface to favor the electrostatic interaction with the target compound. Despite the lower adsorption capacities compared to activated carbons, mesoporous silicas with the advantages of fast adsorption/desorption kinetics and complete adsorption reversibility could be promising candidates as special adsorbents for organic contaminants in water treatment and environmental remediation.
